Yeast GCN4 and the Jun oncoprotein are transcriptional activators that bind DNA via a bZIP domain consisting of a leucine zipper dimerization element and an adjacent basic region that directly contacts DNA. Two highly conserved alanines (Ala-238 and Ala-239 in GCN4) and an invariant asparagine (Asn-235) in the basic region have been proposed to play important roles in DNA sequence recognition by bZIP proteins. Surprisingly, these conserved residues can be functionally replaced in GCN4 and in a derivative containing the Jun basic region (Jun-GCN4). The ability of an amino acid to functionally substitute for Asn-235 does not correlate with its preference for assuming the N-cap position of an a helix. This finding argues against the proposal of the scissors grip model that the invariant asparagine forms an N cap that permits the basic region to bend sharply and wrap around the DNA. In contrast to a prediction of the induced fork model, the pattern of functional substitutions of the conserved alanines together with the results of uracil interference experiments suggests that Ala-238 and Ala-239 do not make base-specific DNA contacts. Finally, the Jun-GCN4 chimeric proteins appear much more active in vivo than expected from their DNA-binding properties in vitro. The mechanistic and evolutionary implications of these results are discussed.
GCN4 is a yeast protein that binds to the promoters of many amino acid biosynthetic genes and coordinately activates their transcription (2, 10) . Optimal binding is observed with a 9-bp dyad, ATGA(C/G)TCAT, with the central 7 bp being most important (7, 18) . GCN4 binds DNA via a bZIP structural motif shared by many eukaryotic transcription factors, including the Jun and Fos oncoproteins. This conserved bZIP motif is composed of two elements: a region rich in basic amino acids and a hydrophobic heptad repeat, the leucine zipper (33) . bZIP proteins bind as dimers to dyad-symmetric DNA sequences (12) . Dimerization is mediated by the leucine zipper (15, 21, 26) , while the basic region directly contacts DNA (1, 30) .
Alignment of the basic regions from 27 bZIP proteins reveals several residues that are highly conserved (Fig. 1) . Most of these conserved residues are positively charged, with the degree of conservation and preference for lysine or arginine depending on the position. Interspersed between these basic amino acids are an invariant asparagine residue as well as two alanine residues that are found in 80% of the bZIP proteins currently known. Mutations at these conserved positions can eliminate sequence-specific DNA-binding activity (6, 14, 16, 31) , whereas many of the nonconserved residues can be functionally replaced by alanine or glutamine (20) .
Two models for DNA binding by bZIP proteins have been proposed (20, 33) . Both models predict that the dimeric leucine zipper, a parallel coiled coil (21) , symmetrically positions the diverging pair of a-helical basic regions so that they can make sequence-specific contacts with DNA. The basic regions are predicted to lie in the major groove of B-DNA, with the conserved lysine and arginine residues making electrostatic backbone contacts. These overall features of the protein-DNA complex are supported by biophysical studies which show that the GCN4 bZIP domain is * Corresponding author.
almost completely a helical when bound to high-affinity target sites (20, 34) . Moreover, the spacing between the leucine zipper and basic region is critical for DNA binding, but can be altered by the insertion of an integral number of a-helical turns to both monomeric partners (22) .
The models of the bZIP protein-DNA complex differ in the predicted role of the invariant asparagine residue (Asn-235 in GCN4) in the basic region. In the scissors grip model (33) , the invariant asparagine is proposed to form an N-cap structure that breaks the basic region a helix. This would permit the protein to bend and continue to track along the major groove of DNA opposite that of entry, thus maximizing the protein surface available for interacting with DNA. In contrast, the induced fork model (20) proposes that the invariant asparagine is one of four highly conserved, neutral amino acids within the basic region that make base-specific contacts.
The induced helical fork model also predicts that two other conserved residues, Ala-238 and Ala-239 of GCN4, make base-specific contacts with DNA. Due to the nature of the alanine side chain, direct contacts with DNA must involve a hydrophobic group on a base, typically the 5-methyl group of thymine (13, 35) . Such interactions can be studied by replacing critical thymine residues with uracil, which differs only by its lack of the 5-methyl group (5, 25, 29) . Moreover, a direct interaction can be strongly inferred by missing contact probing (3); i.e., the effect of a particular uracil substitution should be reduced by mutation of the critical alanine(s) which interacts with the thymine methyl group.
To address how the conserved residues in the basic region contribute to the function of bZIP proteins, we used degenerate oligonucleotides to individually randomize the codons for Asn-235, Ala-238, and Ala-239 of GCN4. The residue corresponding to Asn-235 was also randomized in Jun-GCN4, a chimeric protein in which the basic region of Jun replaces the GCN4 basic region. Mutant proteins were assayed for GCN4 function in vivo and then tested for 
Conserved residues in the basic regions of bZIP proteins. Amino acid sequences of the basic regions of 27 bZIP proteins are listed, with conserved residues indicated in boldface. Shown below is the consensus; capital letters indicate the predominant basic residue, lowercase letters indicate minor basic residues, and invariant residues are underlined. The conserved leucine at the end of the displayed sequences is the first leucine of the leucine zipper.
DNA-binding activity in vitro. Using a novel uracil interference assay (details to be published elsewhere), we also examined the importance of the 5-methyl group of thymine for DNA binding by GCN4 derivatives mutated at the conserved alanine residues. The results indicate that these highly conserved residues are not essential for GCN4 function. Moreover, they suggest that Asn-235 does not function by forming an N-cap structure and that Ala-238 and Ala-239 are not involved in standard base-specific contacts.
MATERIALS AND METHODS
Construction of mutants. The DNA molecules used in this study were derived from YCp88-Sc4400, a ura3 centromeric vector that permits expression of GCN4 in yeast cells from the dedi promoter and in vitro from the bacteriophage SP6 promoter. YCp88-Sc4400 was constructed from YCp88-GCN4 (11) as follows ( Fig. 2A) : the XmnI-EcoRI fragment was replaced with the corresponding fragment from pTZ18 containing the fl origin; a BglII site was generated at position 1227 by oligonucleotide-directed mutagenesis; and the region encoding the native GCN4 DNA-binding domain was replaced by a synthetic version generated by Chris Brandl that contains new restriction sites and preferred Escherichia coli codons without changing the encoded protein. Although the resulting molecule lacks the 3' untranslated region of GCN4, there is no detectable difference in the ability of YCp88-Sc4400 and YCp88-GCN4 to complement a gcn4 strain. To generate libraries in which Asn-235, Ala-238, and Ala-239 were randomized individually, degenerate oligonucleotides (Fig. 2B) were converted to double-stranded DNA by mutually primed synthesis (19) , digested with the indicated restriction enzymes, and inserted at the matching restriction sites in the GCN4 coding region. The quality of each library was assessed by sequencing 6 to 12 recombinant DNA molecules.
Phenotypic analysis. Libraries encoding the mutant proteins were introduced into KY1365 (relevant genotype ura3-52 gcn4-AJ his3-A86,189), a derivative of KY803 (11) constructed by Dimitris Tzamarias. The his3 promoter region contains both his3-189, an allele which generates the optimal GCN4 binding site, and A86, which replaces sequences between -103 and -447 by an EcoRI linker, thus removing all promoter elements upstream of the GCN4 binding site (7) . Ura+ transformants were selected, and the resulting strains were assayed for GCN4 function by growth in 5 or 40 mM aminotriazole (AT) (11) . For each library, plasmid DNAs were recovered from approximately 10 individual yeast strains by transformation of E. coli, and the sequence of the basic region was determined. These DNAs, as well as those derived by sequencing unselected molecules from the libraries, were reintroduced into KY1365 to confirm their growth phenotypes. The resulting strains were grown to saturation in glucose minimal medium containing Casamino Acids (Difco) and lacking uracil. A 10-,lI amount of a 1:100 dilution (approximately 1,000 cells) of each culture was spotted on plates containing minimal medium supplemented with tryptophan, leucine, adenine, lysine, and either 5 or 40 mM AT.
DNA-binding experiments. 35S-labelled GCN4 proteins were synthesized in wheat germ extracts programmed with mRNA obtained by transcribing the relevant DNA templates with SP6 RNA polymerase (10) . Roughly equivalent amounts of the various 35S-proteins (estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis) were incubated with 8 nM 32P-labelled 435-bp EcoRI-HindIII DNA fragment containing the optimal binding site (27) . The resulting protein-DNA complexes were separated by acryl- amide gel electrophoresis. Given the errors involved in estimating the amounts of GCN4 derivatives and problems due to varying quantities of bulk protein from the wheat germ extract (necessary to normalize the amount of 35S-protein added for each determination), twofold differences in protein-DNA complex formation are probably not significant.
Uracil interference assay. Randomly deoxyuracil-substituted, double-stranded DNA substrates were synthesized by polymerase chain reaction (PCR). A 200-fmol amount of an oligonucleotide containing the optimal GCN4 binding site 20 for eight cycles; the reaction product was purfied on an 8% native polyacrylamide gel. In vitro-synthesized proteins were incubated with the purified product, and DNA-protein comple'xes were isolated by electrophoresis through a polyacrylamide gel. DNA recovered from the complexes was digested for 1 h with 1 U of uracil-N-glycosylase (Perkin Elmer-Cetus) at 370C in 60 p,l of PCR buffer, ethanol precipitated, and treated with 1 M piperidine at 90°C for'30 min. The sample was lyophilized, resuspended in'formamide, and run onto a 12% denaturing polyacrylamide gel.
RESULTS
Randonization of conserved residues in the basic region of GCN4. The basic regions of bZIP proteins contain several a Libraries, named by the basic region (GCN4 or Jun) and the randomized codon, are characterized by their size (total number of E. coli transformants) and the percentage of each base in the coding strand of the randomized codon (determined by sequencing DNA from 6 to 12 unselected E. coli transformants).
highly conserved residues (Fig. 1) . The functional role of these residues is largely unknown, although models of the bZIP protein-DNA complex predict that several of these conserved residues make specific interactions that are essential for high-affinity DNA binding. To analyze the role of these residues, we individually randomized the codons for three of the highly conserved residues of GCN4 (Asn-235, Ala-238, and Ala-239). Asn-235 was also randomized in Jun-GCN4, a chimera in which the Jun basic region replaced the GCN4 basic region. To directly analyze DNA-binding activities, we synthesized several mutant proteins in vitro and measured their affinity for a DNA fragment containing the optimal GCN4 binding site (Fig. 4A) . The Trp-235 protein binds efficiently but somewhat less avidly than wild-type GCN4 (Asn-235), the Ala-235 and Gln-235 proteins bind less efficiently, and the Gly-235 protein binds extremely weakly. These DNAbinding activities correspond to the in vivo activities of these proteins. The lack of GCN4 function in strains expressing Gly-235 protein, despite the ability of this protein to bind DNA, agrees with our experience that the threshold for DNA-binding activity needed for detectable function in vivo is higher than that needed for detectable DNA binding in vitro. The Lys-235 and Glu-235 proteins do not bind the fragment as a homodimer. However, the Glu-235 protein binds detectably as a heterodimer with GCN4-C131, a truncated wild-type protein that retains the DNA-binding domain (11) , whereas the Lys-235 protein does not. This result suggests that the glutamic acid substitution confers a less were combined with in vitro-synthesized GCN4-C131, a truncated GCN4 derivative which contains the entire DNA-binding domain (11) , and incubated with a 32P-labelled DNA fragment containing the optimal GCN4 binding site. Protein-DNA complexes involving GCN4 homodimers (GCN4/GCN4), GCN4-C131 heterodimers (C131-GCN4), and C131 homodimers (C131-C131) are indicated. The intensities of the bands representing the heterodimer complex were lower than expected because the two proteins were mixed after synthesis (12) . (B) Similar analysis that includes proteins with the indicated residue at positi6n 235 of Jun-GCN4. The complex indicated as bound* represents a heterodimer between the full-length GCN4 derivative and an artifactual translation product containing the 175 C-terminal residues that is generated by aberrant initiation at an internal AUG codon. The presence and amount of the bound* complex depends on the batch of wheat germ extract and the age of the synthesized proteins.
severe defect in DNA binding than does the lysine substitution.
Analysis of Asn-235 substitutions in the Jun-GCN4 hybrid protein. To determine whether the basic region of another bZIP protein can tolerate similar substitutions for the invariant asparagine, we constructed Jun-GCN4, a chimeric protein in which the GCN4 basic region is replaced by the Jun basic region. Jun-GCN4 clearly confers GCN4 function, but it is less effective than wild-type GCN4 (grows much more slowly in 40 mM AT; Fig. 3 ). The invariant asparagine of the chimeric protein was randomized by using degenerate oligonucleotides, and the resulting library was analyzed as described above. As with GCN4, we found that most amino acid substitutions for the invariant asparagine of Jun-GCN4 result in proteins that are nonfunctional in vivo (Fig. 3) . However, mutation of the invariant asparagine to tryptophan creates a protein (Jun-GCN4TrP) which is more functional than Jun-GCN4 and behaves similarly to GCN4 itself.
The DNA-binding activities of Jun-GCN4 and JunGCN4Trp were also analyzed by using in vitro-synthesized proteins (Fig. 4B) . As expected from their properties in vivo, Jun-GCN4TrP binds the optimal target site more efficiently in vitro than does Jun-GCN4. However, in comparison with GCN4 derivatives that have comparable functional activities in vivo, both Jun-GCN4 and Jun-GCN4TTrP bind DNA surprisingly poorly. Jun-GCN4 is moderately functional in yeast cells, but its binding affinity is similar to that of the Gly-235 derivative of GCN4 which fails to complement the gcn4 deletion. Jun-GCN4Trp confers full GCN4-complementing activity, while the Gln-235 derivative displays barely detectable function, even though the two proteins have comparable DNA-binding activities in vitro. expected from their DNA-binding activities, the phenomenon is probably due to some property of the Jun basic region (see Discussion for some potential explanations).
Analysis of Ala-238 and Ala-239 substitutions in GCN4. When libraries of GCN4 proteins randomized at either position 238 or 239 of GCN4 were introduced into KY1365 cells, approximately 50% of the plasmids conferred some degree of GCN4 function. At position 238, the most functional mutants, Ser-238 and Cys-238, have residues with small, nonpolar side chains at position 238 (Fig. 5) . Increasing the size of this side chain decreases GCN4 activity: Val-238 is significantly less functional than Ala-238, Ser-238, or Cys-238, while Leu-238 and Thr-238 have no detectable activity. As expected from the largely a-helical structure of the basic domain (20, 34) , mutation of Ala-238 to either of the helix-destabilizing residues glycine or proline also disrupt function.
At position 239, the most functional mutant is also a change from alanine to serine. Again, increasing the size of the side chain at position 239 decreases GCN4 activity, with Ser-239 being more active than Val-239, and Leu-239 and Phe-239 being inactive. The Pro-239 protein is also inactive, as expected. Surprisingly, however, the glycine substitution protein is functional.
In vitro-synthesized proteins were used to examine the DNA-binding activities of several of the mutant proteins (Fig. 6) . In all cases, DNA-binding activities correlated with GCN4 function observed in vivo. Thus, the Ser-238 and Cys-238 proteins bind to the optimal GCN4 binding site with the same affinity as the wild-type protein, while the Val-238 protein binds with much lower affinity. As with the Gly-235 protein, the Leu-238 protein binds weakly to the optimal site, despite having no detectable activity in vivo. At position 239, both the Gly-239 and Val-239 proteins bind to the optimal site with somewhat lower affinity than the wild type. The ability of the Gly-239 protein to bind the optimal site suggests that the methyl side chain of Ala-239 of wild-type GCN4 does not significantly contribute to binding affinity.
Uracil interference pattern of Ala-238 and Ala-239 mutants. It has been suggested that Ala-238 and Ala-239 are involved in sequence-specific DNA binding because they are highly In vitro-synthesized proteins with the indicated amino acid substitution were incubated with the optimal GCN4 binding site, and protein-DNA complexes were separated from unbound DNA. The complex indicated as bound* represents a heterodimer between the full-length GCN4 derivative and an artifactual translation product containing the 175 C-terminal residues that is generated by aberrant initiation at an internal AUG codon.
The L253V-L274V derivative of GCN4 has valines in place of two conserved leucines of the leucine zipper and does not bind DNA.
conserved and may be located on the DNA contact face of the basic region a helix (20) . Based on other examples of base-specific, protein-DNA interactions involving alanine residues (13, 35) , the 5'-methyl group of thymine is the most likely partner to interact with the alanine methyl group. Thus, replacement of the critical thymine with uracil, which differs from thymine by its lack of the 5-methyl group, would be expected to decrease DNA-binding affinity (5, 25, 29) . Furthermore, mutation of the critical alanine should abolish the effect that the particular uracil substitution has on binding affinity (3) .
The role of the 5-methyl groups of thymine in high-affinity DNA binding by GCN4 was examined by a novel uracil interference assay that we developed recently. By using PCR, a DNA fragment containing the GCN4 recognition sequence was randomly substituted with deoxyuracil. DNA molecules that could be tightly bound by GCN4 were selected by purifying the DNA-GCN4 complex. The distribution of uracil residues before and after selection was then analyzed by cleaving the DNA at uracil residues, using uracil-N-glycosylase followed by piperidine (Fig. 7) .
For GCN4, substitution of uracil for the two central thymines of the half-site, but not the outermost thymine, significantly interferes with DNA binding, indicating that the methyl groups on the four core thymines of the optimal site are important recognition elements. However, the critical thymine residues on the noncoding strand (AIGAGICAT; Fig. 7A ) appear more important than their counterparts on the coding strand (ATGACTCAT; Fig. 7B ) because they are more sensitive to uracil substitution. In addition, uracil substitutions on the coding strand reveal that the thymine at position -3 is relatively important, whereas the thymine at position +1 has only a modest effect on binding (positions defined with respect to the central C -G base pair) (18) . Though unexpected, these asymmetric interactions with the thymine residues are consistent with the inherent asymmetry of the optimal GCN4 binding site and the relative importance of the left half-site over the right half-site (18, 25, 27) .
Analysis of the Val-238, Cys-238, and Gly-239 derivatives of GCN4 indicates that the four core thymine residues remain as essential recognition elements. On the noncoding strand, all of these proteins behave equivalently, with either of the uracil substitutions essentially eliminating binding. On Complexes between the indicated proteins and a uracil-substituted DNA fragment containing the optimal GCN4 binding site were isolated, and the recovcred DNA was cleaved specifically at uracil residues by treatment with uracil-N-glycosylase followed by piperidine. (A) 5' end label on the coding strand (defined with respect to the his3 structural gene); (B) 5' end label on the noncoding strand. the coding strand, the Cys-238 protein behaves indistinguishably from GCN4, but the Val-238 and Gly-239 proteins display a surprising increase in sensitivity to uracil substitutions. This apparent increased importance of the thymines on the noncoding strand may be related to the somewhat reduced DNA-binding activity of both the Val-238 and Gly-239 proteins. Whatever the molecular basis for this effect, these results conflict with those predicted by the model that the conserved alanines interact directly with the critical thymines in the target site.
DISCUSSION
Evidence that N-cap formation is not an essential role of Asn-235. The scissors grip (33) and induced fork (20) models of the bZIP protein-DNA complex differ in the predicted roles of the invariant asparagine residue in the basic region. The scissors grip model proposes that the asparagine forms an N-cap structure that breaks the basic region a helix, whereas induced fork model proposes that the asparagine directly contacts DNA. To address these models, we examined the functional consequences of amino acid substitutions of Asn-235 in GCN4 and Jun-GCN4 (summarized in Table  2 ). For GCN4, substitution of asparagine 235 with tryptophan, alanine, glutamine, and glycine generates proteins that bind DNA in vitro. Tryptophan can also functionally substitute for the invariant asparagine in Jun-GCN4, with a resultant increase in DNA-binding affinity. Amino acid preferences at the N-cap position have been calculated from a collection of 215 a helices derived from solved protein structures (24) . The most strongly preferred amino acids at the N-cap position are asparagine, serine, aspartate, and threonine. Of these, only asparagine at position 235 is compatible with DNA binding; the serine substitution of Jun-GCN4 and the serine, aspartate, and threonine substitutions of GCN4 do not function in vivo. In contrast, the Trp-235 and Gln-235 derivatives of GCN4 bind DNA despite tryptophan and glutamine being among the least preferred residues at the N-cap position. Thus, the ability of a protein containing an amino acid substituted for Asn-235 to bind DNA does not correlate with the likelihood that the residue forms an N cap. This strongly argues against the prediction of the scissors grip model that the crucial role of Asn-235 is to form an N cap. However, our results do not rule out the more general feature of this model that the basic region bends to maximize the protein-DNA interface.
Although the invariant asparagine does not appear to form an N cap, it is clearly important for activity. Besides being present in all known bZIP proteins, most of the Asn-235 substitutions of GCN4 and Jun-GCN4 examined here abolish DNA-binding activity in vitro. Moreover, of three residues shown to functionally substitute for Asn-235 in GCN4 and Jun-GCN4, all clearly reduce DNA-binding affinity. Finally, we have shown that the Ala-235, Gln-235, and Trp-235 proteins all have altered specificities at the ±4 position of the GCN4 target site (32) , suggesting that Asn-235 makes direct, base-specific contacts with the fourth position of the GCN4 target site.
Evidence that Ala-238 and Ala-239 do not make basespecific DNA contacts. We have tested the prediction that Ala-238 and Ala-239 of GCN4 make base-specific DNA contacts (20) by individually randomizing these codons and testing the resulting mutants for GCN4 function (summarized in Table 2 ). At both positions 238 and 239, DNAbinding affinity decreases as the size of the side chain increases, consistent with the location of these residues along the putative DNA contact face of the basic region a helix. However, substitution of glycine at position 239 only slightly decreases DNA-binding affinity from wild-type levels, suggesting that the side chain at 239 does not contribute significantly to DNA binding. Moreover, the Gly-239 protein interacts equally or more strongly with thymine methyl groups in the recognition sequence than GCN4, strongly suggesting that Ala-239 is not essential for these interactions. Since the methyl side chain of alanine is relatively unimportant and the only known base-specific interaction by alanine is with the 5-methyl group of thymine (13, 35) , it seems unlikely that Ala-239 is involved in direct base pair contacts. However, we cannot exclude the possibility that Ala-239 directly interacts with some other functional group(s) of the DNA.
The ability of the Cys-238, Ser-238, Val-238, and Leu-238 proteins to bind DNA suggests that Ala-238 also does not make a hydrophobic interaction with thymine. In order to make such a contact, Ala-238 would have to approach the thymine very closely, so that it would be unlikely that a bulkier group such as valine or leucine could be sterically accommodated. Moreover, the core thymine residues are equally or more important for binding by the Cys-238 and Val-238 proteins, arguing against a direct contact by Ala-238. Instead, by analogy with randomization experiments on the dimerization interface of X repressor (23) , the relationship between DNA-binding activity and the size of the hydrophobic side chain at positions 238 and 239 suggests the importance of hydrophobic packing interactions between protein and DNA.
Regulation of GCN4 activity in vivo. The in vitro DNAbinding activity of a mutant protein generally correlates very well with its functional activity in vivo. However, Jun-GCN4 and Jun-GCN4Trp proteins are much more functional in vivo than GCN4 mutant proteins with comparable DNA-binding activities ( Table 2) . Measurements of his3 mRNA levels confirm that Jun-GCN4TrP and Jun-GCN4 activate his3 expression much more strongly than GCN4, as expected (4).
This unexpected result could be explained in several ways. First, the surprisingly high activity of the Jun-GCN4 derivatives in comparison with the GCN4 derivatives might simply reflect higher protein levels. This would have to arise from differences between the GCN4 and Jun basic regions that affect protein stability, because the proteins are expressed in the identical manner and are nearly identical in sequence. Second, although GCN4 and Jun appear to bind identical DNA sequences (28) , it is conceivable that they have slightly different binding specificities. Since the yeast genome contains many binding sites that compete for the limited amount of GCN4 that exists in vivo (7) , proteins with nonidentical binding specificities could differ in the spectra of target genes that are transcriptionally activated. Third, the GCN4 and Jun basic regions could be differentially modified in yeast cells, with a concomitant change in binding affinity that would not be detected in our in vitro binding experi-ments. Fourth, the GCN4 and Jun basic regions could differ in their ability to interact with a coactivator or corepressor protein. In this regard, these basic regions are only about 50% identical, with most of the differences presumed to lie on the solvent-exposed surface that should be accessible for protein-protein interactions. By analogy, the GAL1l coactivator increases the transcriptional activity of GAL4 derivatives, possibly by associating directly with the GAL4 DNAbinding domain (8, 17) .
Evolutionary considerations. It is generally believed that evolutionarily conserved amino acid residues are functionally important. However, our results indicate that three highly conserved residues in the basic region of bZIP proteins are not essential for DNA-binding activity. A number of substitutions are compatible with function, and some of them have no detectable effect in vitro or in vivo ( Table 2) .
Why are these residues so highly conserved? It is possible that our biological and biochemical assays are not sufficiently sensitive to detect subtle functional defects. A small difference, though nearly inconsequential in the life of an individual cell, could be magnified through numerous generations of competitive growth. Another possibility is that these conserved bZIP residues might be important not for binding per se but rather for maximizing the range of distinct DNA sequences that can be efficiently bound. For example, the genomic binding sites in GCN4-regulated promoters, though clearly related, differ in their precise DNA sequences (7) . Finally, the residues might be conserved not for their inherent functional importance but rather for their compatibility with a variety of amino acid residues at nearby positions in the basic region. In this sense, the conserved residues would contribute to evolutionary and regulatory flexibility by allowing more possible DNA-binding proteins.
Regardless of the validity of any of these specific explanations, the results presented here indicate the complications in attempting to use evolutionary conservation for predicting functional importance.
